The identification and characterization of new human monoclonal antibodies (hMAbs) able to neutralize primary human immunodeficiency virus type 1 (HIV-1) isolates from different subtypes may help in our understanding of the mechanisms of virus entry and neutralization and in the development of entry inhibitors and vaccines. For enhanced selection of broadly cross-reactive antibodies, soluble HIV-1 envelope glycoproteins (Envs proteins) from two isolates complexed with two-domain soluble CD4 (sCD4) were alternated during panning of a phage-displayed human antibody library; these two Env proteins (89.6 and IIIB gp140s), and one additional Env (JR-FL gp120) alone and complexed with sCD4 were used for screening. An antibody with relatively long HCDR3 (17 residues), designated m14, was identified that bound to all antigens and neutralized heterologous HIV-1 isolates in multiple assay formats. Fab m14 potently neutralized selected well-characterized subtype B isolates, including JRCSF, 89.6, IIIB, and Yu2. Immunoglobulin G1 (IgG1) m14 was more potent than Fab m14 and neutralized 7 of 10 other clade B isolates; notably, although the potency was on average significantly lower than that of IgG1 b12, IgG1 m14 neutralized two of the isolates with significantly lower 50% inhibitory concentrations than did IgG1 b12. IgG1 m14 neutralized four of four selected clade C isolates with potency higher than that of IgG1 b12. It also neutralized 7 of 17 clade C isolates from southern Africa that were difficult to neutralize with other hMAbs and sCD4. IgG1 m14 neutralized four of seven primary HIV-1 isolates from other clades (A, D, E, and F) much more efficiently than did IgG1 b12; for the other three isolates, IgG b12 was much more potent. Fab m14 bound with high (nanomolar range) affinity to gp120 and gp140 from various isolates; its binding was reduced by soluble CD4 and antibodies recognizing the CD4 binding site (CD4bs) on gp120, and its footprint as defined by alanine-scanning mutagenesis overlaps that of b12. These results suggest that m14 is a novel CD4bs cross-reactive HIV-1-neutralizing antibody that exhibits a different inhibitory profile compared to the only known potent broadly neutralizing CD4bs human antibody, b12, and may have implications for our understanding of the mechanisms of immune evasion and for the development of inhibitors and vaccines.
The identification and characterization of new human monoclonal antibodies (hMAbs) able to neutralize primary human immunodeficiency virus type 1 (HIV-1) isolates from different subtypes may help in our understanding of the mechanisms of virus entry and neutralization and in the development of entry inhibitors and vaccines. For enhanced selection of broadly cross-reactive antibodies, soluble HIV-1 envelope glycoproteins (Envs proteins) from two isolates complexed with two-domain soluble CD4 (sCD4) were alternated during panning of a phage-displayed human antibody library; these two Env proteins (89.6 and IIIB gp140s), and one additional Env (JR-FL gp120) alone and complexed with sCD4 were used for screening. An antibody with relatively long HCDR3 (17 residues), designated m14, was identified that bound to all antigens and neutralized heterologous HIV-1 isolates in multiple assay formats. Fab m14 potently neutralized selected well-characterized subtype B isolates, including JRCSF, 89.6, IIIB, and Yu2. Immunoglobulin G1 (IgG1) m14 was more potent than Fab m14 and neutralized 7 of 10 other clade B isolates; notably, although the potency was on average significantly lower than that of IgG1 b12, IgG1 m14 neutralized two of the isolates with significantly lower 50% inhibitory concentrations than did IgG1 b12. IgG1 m14 neutralized four of four selected clade C isolates with potency higher than that of IgG1 b12. It also neutralized 7 of 17 clade C isolates from southern Africa that were difficult to neutralize with other hMAbs and sCD4. IgG1 m14 neutralized four of seven primary HIV-1 isolates from other clades (A, D, E, and F) much more efficiently than did IgG1 b12; for the other three isolates, IgG b12 was much more potent. Fab m14 bound with high (nanomolar range) affinity to gp120 and gp140 from various isolates; its binding was reduced by soluble CD4 and antibodies recognizing the CD4 binding site (CD4bs) on gp120, and its footprint as defined by alanine-scanning mutagenesis overlaps that of b12. These results suggest that m14 is a novel CD4bs cross-reactive HIV-1-neutralizing antibody that exhibits a different inhibitory profile compared to the only known potent broadly neutralizing CD4bs human antibody, b12, and may have implications for our understanding of the mechanisms of immune evasion and for the development of inhibitors and vaccines.
Major problems in prevention and treatment of human immunodeficiency virus type 1 HIV-1 infections are the ability of the virus to rapidly generate mutants resistant to immune responses and drugs and the side effects of antiretroviral drugs currently in use. Several human monoclonal antibodies (hMAbs) exhibit potent and broad HIV-1-neutralizing activity in vitro and can prevent HIV-1 infection in animal models (11, 25, 67) . A recent clinical trial suggested that two of these broadly HIV-1-neutralizing hMAbs, 2F5 and 2G12, are without side effects in humans (1, 59) . However, the potency of 2F5 and 2G12 used in combination in this clinical trial was significantly lower than that of currently used highly active antiretroviral therapy regimens, and relapses did occur (59) . Further increases in the potency of the currently available broadly HIV-1-neutralizing hMAbs and development of new neutralizing hMAbs might help in the development of better approaches to the prevention and treatment of HIV-1 infection.
The molecular mechanisms that determine the antibody potency and breadth of HIV-1 neutralization have been studied most extensively with b12, which competes with CD4 and antibodies with epitopes that overlap the CD4 binding site (CD4bs) on gp120 (4, 12, 14, 44, 49, 53, 76) . Many human CD4bs antibodies have been characterized, including Fab b6 (49, 53) , 15e (27) , F105 (64) F91 (40) , 1125H (65) , 21h (27, 62) , and 654-30D (32) . These CD4bs antibodies frequently exhibit broad reactivity with monomeric gp120 but do not neutralize many HIV-1 isolates from different clades as b12 does (19, 20, 53) . The difference in neutralizing activity was ascribed to the ability of b12 but not other CD4bs antibodies to bind well to the trimeric Env on the virion surface. It appears that b12 binds with high affinity to both monomeric and trimeric forms of gp120 whereas other CD4bs antibodies bind well predominantly to the monomeric form. B12 is the only CD4bs human MAb known to exhibit broad and potent HIV-1-neutralizing activity. Identification and characterization of additional broadly neutralizing CD4bs antibodies could help to determine key molecular properties required for such an activity.
Here we described the identification of a new CD4bs hMAb, m14 that was selected by a method termed sequential antigen panning (SAP), which is based on alternating the antigen during the panning of phage display libraries. SAP leads to enhanced selection of antibodies that bind epitopes conserved among the isolates used for panning and screening (70) . M14 was selected from a human Fab phage display library by using SAP against gp140 89.6 -soluble CD4 (sCD4) and gp140 IIIBsCD4 followed by screening with gp140 89.6 , gp120 JR-FL , and gp140 IIIB and their complexes with sCD4. The antibody inhibited HIV-1 entry mediated by Env proteins of more than 20 primary HIV-1 isolates from several clades with varying potencies and exhibited a different inhibitory profile from that of immunoglobulin G1 (IgG1) b12. gp140 89.6 , gp120 JR-FL , and gp140 IIIB and their complexes with sCD4 by using phage enzyme-linked immunosorbent assay (ELISA).
Preparation of Soluble Fab and Binding Assay. Soluble Fab was produced as described previously (3) . Protein G columns were used for purification. Phage ELISA has been described previously (25) . Binding ELISA with soluble Fab m14 and recombinant HIV-1 gp120s or gp140s from different isolates were performed by using 96-well Nunc-Immuno Maxisorp surface plates (Nalge Nunc International, Roskilde, Denmark) as described previously (41) . Competition ELISAs of Fab m14, Fab b12, and IgG 17b with other anti-gp120 antibodies and sCD4 were carried out using the D7324 capture assay as follows. gp120 JRFL (1 g/ml) was captured by polyclonal sheep anti-gp120 antibody D7324 (5 g/ml) coated on 96-well plates. Following the addition of threefold serially diluted Fab m14, m16, m18, IgG b12, IgG 17b, Fab X5, F105, 48d, 48e, 2G12, A32, and sCD4, an equal volume of biotinylated Fab m14 at a concentration which led to 70% maximum binding was simultaneously added to each well. Bound biotinylated Fab m14 was detected by streptavidin-HRP and measured via its optical density at 405 nm.
The kinetics of m14 and b12 binding was measured by using a Biacore 1000 optical instrument (Pharmacia, Piscataway, NJ). An anti-gp41 hMAb Fab (m32) developed recently in our laboratory (M.-Y. Zhang and D. S. Dimitrov, unpublished data) was immobilized on a (CM5) sensor chip using carbodiimide coupling chemistry. gp140s (200 nM) was injected at a flow rate of 10 l/min, and different concentrations of antibodies (Fabs) were then injected at a flow rate of 30 l/min using PBS buffer (pH 7.4) with 0.05% Tween 20. The control surface was prepared similarly, and the experiment was performed by injecting solutions containing different concentrations of antibodies, using running buffer in lieu of gp140s. All the sensograms were corrected by subtracting the low signal from the control reference surface. The association and dissociation phase data were fitted simultaneously to a 1:1 Langumir global model by using the nonlinear data analysis program BIAevaluation 3.2.
HIV-1 Env clones and pseudovirus preparation. Viruses pseudotyped with Envproteins from HIV-1 primary isolates representing HIV-1 group M, clades A to F, and laboratory-adapted HIV-1 isolates HxB2 and JRCSF were used in this study. Plasmids used for expression of various Env proteins were obtained through the NIH ARRRP from B. Hahn (University of Alabama at Birmingham), and the remaining clones are described below. NYU1545, 93BR029, and CA1-136 (CRF 11_cpx) were obtained by nested PCR using genomic DNA from infected human peripheral blood mononuclear cells (PBMCs) provided by S. Zolla-Pazner and cloned into pSV7d using the methodo described previously (47, 74) . Clone XJ-C19 was obtained similarly from human PBMCs provided by T. Shao (Centers for Disease Control and Prevention, Beijing, China). Clone MJ4 was previously described (43) and obtained by reverse transcription-PCR using RNA extracted from supernatant from culture of SHIV-MJ4 propagated in human PBMCs, provided by M. Lewis (Southern Research Institute) followed by cloning into pSV7d. The following clones were described previously: GX-C44 and GX-E14 (22); Z2Z6 (74); VI14004, VI1399, VI1273, and VI423 (70); MACS#6, MACS#8, MACS#4, and MACS# (74), R2 (52, 73) ; MN-TCLA (45, 46) ; and MN-P (34) . The clade C viruses from Southern Africa are described in reference 9.
Cloning of HIV-1 envelope genes and preparation of pseudoviruses have been described previously (72) . Briefly, pseudotyped viruses were prepared by cotransfection of 70 to 80% confluent 293T cells with pNL4-3.luc.E-R-and pSV7d-env plasmid using the calcium phosphate/HEPES buffer technique, as specified by the manufacturer (Promega). At 16 h after the transfection, the medium was removed and replaced with medium supplemented with 0.1 mM sodium butyrate (Sigma). Cells were allowed to grow for an additional 24 h. The supernatant was harvested, centrifuged at 16,000 rpm for 5 min at 4°C in an SS-34 rotor, filtered through a 0.45-m-pore-size filter, and either used fresh or kept frozen at Ϫ80°C.
HIV-1 neutralization assays. Four HIV-1 neutralization assays were used in this study. In the first assay format, single-round infectious molecular clones, produced by envelope complementation as described above, were used. The degree of virus neutralization by antibody was achieved by measuring luciferase activity as described previously (assay 2 in reference 71). Briefly, 2 ϫ 10 4 U87.CD4.CCR5.CXCR4 cells in 100 ml of Dulbecco minimal essential medium were added to microplate wells and incubated for 24 h at 37°C in 5% (vol/vol) CO 2 . A 100-l volume of medium containing virus was mixed with various amounts of antibody, incubated for 1 h at 37°C, added to the cells, and incubated for a further 3 days. The wells were aspirated and washed once with PBS, and 60 l of luciferase cell culture lysis reagent (Promega, Madison, Wis.) was added. The wells were scraped, the lysate was mixed by pipetting, 50 l was transferred to a round-bottom plate, and the plate was centrifuged at 1,800 ϫ g for 10 min at 4°C. A 20-l volume was transferred to an opaque assay plate (Corning), and the luciferase activity was measured with a luminometer by using luciferase assay reagent (Promega). The second neutralization assay is based on infection of PBMCs with infectious viruses and measurement of the amount of reverse transcriptase 7 days after infection. The procedure is as follows. Antibodies (100 l) diluted in complete RPMI 1640 with interleukin-2 were incubated for 30 min at 37°C with 50 l of virus containing 100 50% tissue culture infective doses and added to 50 l of phytohemagglutinin-activated PBMC (1 ϫ 10 6 ) in complete RPMI 1640 with interleukin-2. The calculated neutralization titers refer to the antibody concentration present during this incubation step. Triplicate samples were taken on day 7 for the reverse transcriptase assay. The third assay, the pseudotype virus neutralization assay, was performed in triplicate by using a luciferase reporter HIV-1 Env pseudotyping system and HOS CD4 ϩ CCR5 ϩ or HOS CD4
ϩ CXCR4 ϩ cells as previously described (70) . In the fourth assay, neutralization was measured as a function of the reductions in luciferase reporter gene expression after multiple rounds of virus replication in 5.25.EGFP.Luc.M7 cells (39) . This cell line is a genetically engineered clone of CEMx174 that expresses multiple entry receptors (CD4, CXCR4, and GPR15/Bob) and was transduced to express CCR5 (7). The cells also possess Tat-responsive reporter genes for luciferase (Luc) and green fluorescence protein. The cells were maintained in growth medium (RPMI 1640, 12% heatinactivated fetal bovine serum, 50 g of gentamicin/ml) containing puromycin (0.5 g/ml), G418 (300 g/ml), and hygromycin (200 g/ml) to preserve the CCR5 and reporter gene plasmids. For neutralization assays, 5,000 50% tissue culture infective doses of virus was incubated with serial dilutions of test samples in triplicate in a total volume of 150 l for 1 h at 37°C in 96-well flat-bottom culture plates. The cells were suspended at a density of 5 ϫ 10 5 /ml in growth medium containing DEAE-dextran (10 g/ml) but lacking puromycin, G418, and hygromycin. Then cells (100 l) were added to each well. One set of control wells received cells plus virus (virus control), and another set received cells only (background control). The plates were incubated until approximately 10% of the cells in the virus control wells were positive for green fluorescence protein expression by fluorescence microscopy (approximately 3 days). At this time, a 100-l suspension of cells was transferred to a 96-well white solid plate (Costar) for measurement of luminescence using Bright Glo substrate solution (Promega) and a model Victor 2 luminometer (Perkin-Elmer, Shelton, Conn.). Neutralization titers are defined as the dilution at which relative luminescence units (RLU) were reduced by 50% compared to virus control wells after subtraction of background RLU.
RESULTS
Selection of a phage Fab (m14) by SAP. We hypothesized that by alternating antigens during panning of phage display libraries and screening the panned libraries using different antigens, the selected phage will display Fabs against conserved epitopes shared among all antigens used during the entire selection process. Complexes of two different recombinant soluble Env proteins (gp140 89.6 and gp140 IIIB ) with twodomain sCD4 were used as antigens for phage library panning as described in Materials and Methods. After four rounds of panning, screening of individual phage clones was performed by phage ELISA with gp140 89.6 , gp120 JR-FL , and gp140 IIIB and their complexes with sCD4. Two clones were selected based on their significant binding to all six antigens used for screening, including sCD4-gp120 and gp120 from an HIV-1 isolate (JR-FL) which was not used for panning and has significant sequence differences compared to 89.6 and IIIB. One phage clone, designated m14, was selected for further characterization because of technical problems with the production of the other clone (m12). In a control experiment to assess the efficiency of the SAP methodology, the panning was performed with only one antigen (sCD4-gp140 89.6 ). In this case, none of the clones tested bound to every one of gp140 IIIB , sCD4-gp140 IIIB , gp120 JR-FL , and sCD4-gp120 JR-FL .
Potent neutralizing activity of m14 against selected isolates. To compare the potency (concentrations required to achieve 50% [IC 50 ] and 90% [IC 90 ] inhibition) of Fab m14 and Fab b12 for some commonly studied clade B isolates, we first used an assay based on a single-round infectious virus and U87 cells ( Table 1) . In this assay, Fab m14 exhibited high potency, with IC 50 s and IC 90 s ranging from 1 to 8 and from 7 to 50 g/ml, respectively. Fab b12 was as potent as Fab m14 for the primary isolate Yu2, severalfold more potent for two other clade B primary isolates, 89.6 and JRCSF, and much more potent for the laboratory-adapted strain HxB2. Note that m14 neutralizes virus entry mediated by the Env proteins from two of the isolates (89.6 and HxB2) that were used for the SAP procedure. These findings suggest that m14 can potently neutralize several clade B isolates, although on average Fab b12 and Fab X5 were more potent for the tested clade B isolates (Tables 1  and 2 and data not shown).
Differential neutralization activity of Fab m14, IgG1 b12, and Fab X5 against primary HIV-1 isolates from different clades. To evaluate the possibility for differential neutralization activity of m14 and b12, we measured their ability to inhibit virus entry mediated by Env proteins of primary isolates from different clades. The higher potency of b12 than m14 for the selected clade B viruses described above prompted us to evaluate the inhibitory activity of m14 for some isolates from other clades for which b12 was previously shown to be of low inhibitory activity. We specifically evaluated the Fab m14 inhibitory activity against one isolate from clade A (RW009) and one from clade C (BR025), which were only weakly (IC 50 Ͼ 200 g/ml for RW009 and IC 90 Ͼ 200 g/ml for BR025) neutralized by IgG1 b12 (41) . For this evaluation, the experiments were performed by an assay based on spreading infection of PBMCs, as used in our previous study (41) . We found that at 90 g/ml, m14 inhibited 83 and 92% of RW009 and BR025 infectivity respectively (data not shown). For another a A neutralization assay using U87 and single-round infectious virus in a luciferase assay, as described in Materials and Methods (assay 1), was used. clade B isolate (Bal), m14 was weakly inhibitory (21% at 90 g/ml) (data not shown), while in our previous study (41) we found that IgG1 b12 potently (IC 50 ϭ 4 g/ml) inhibits infection by Bal. Fab X5 was used as a "calibrating" control antibody that potently (Ͼ95% at 100 g/ml) inhibited all three isolates, in agreement with the results from our previous study (IC 90 ϭ 20 to 56 g/ml) (41). These findings suggested that m14 can exhibit a different inhibitory profile from b12. Higher neutralizing activity of IgG1 m14 than that of Fab m14 and a differential inhibitory profile with IgG1 b12. To further increase the potency of Fab m14 and compare its inhibitory activity to other antibodies in the IgG1 format, we constructed IgG1 m14 and compared its activity with those of Fab m14 and IgG1 b12 for several primary isolates from different clades. The IgG1 m14 was on average more efficient (lower IC 50 ) than Fab m14, probably due to the increase in avidity (Table 3) .
IgG1 m14 exhibited a differential inhibitory activity when evaluated in parallel with IgG1 b12 (Table 3 ). IgG1 b12 neutralized two clade D and one clade E isolates much more efficiently than did IgG1 m14. However, for two isolates from clade F and one with a complex genotype, IgG1 m14 was much more potent than IgG1 b12. It is of interest that the clade F VII4004 isolate was obtained from a patient whose serum had been shown to demonstrate broad cross-neutralizing-antibody responses. The VI14004 Env was neutralized by m14 much more efficiently than by IgG1 b12 and Fab X5 (Table 3 and data not shown). Note also the IgG1 m14 also neutralized the three clade C isolates, especially MJ4 (43), more efficiently than IgGI b12.
To further evaluate the inhibitory activity of m14 for clade C isolates, we used a panel of 17 isolates from southern Africa. It has been previously shown for 16 of these isolates (all except TV1) that they are largely resistant to neutralization by sCD4, 2G12, and 2F5; only IgG1 b12 was effective and neutralized 9 of them, but at relatively high concentrations (9) . IgG1 m14 neutralized 4 of the isolates with IC 50 less than 10 g/ml and 4 with IC 50 of 60 g/ml or less; for the remaining 9 isolates the IC 50 was higher than 68 g/ml which was the highest concentration tested (Table 4) . Interestingly, the m14 inhibitory profile was different from that of b12. For example, IgG1 m14 neutralized Du172, S180, and S017 at much lower concentrations than IgG1 b12 did; IgG1 b12 was much more potent than IgG1 m14 for S018 and S103. Indeed, there were only three isolates (Du179, S021, and S007) that were not efficiently neutralized by either antibody. A note of caution is that IgG1 b12 was tested in an assay based on infection of PBMCs (9) although the M7-Luc cell-based assay was shown to resemble the PBMCs assays quite closely. These results suggest that IgG1 m14 is a potent broadly HIV-1-neutralizing antibody and that access restriction size effects (sterical hindrance) that could decrease the potency of some IgGs for some isolates (33) do not exist or are small compared to the effect of avidity. In addition, it exhibits a differential inhibitory profile compared to that of IgG1 b12 for a panel of primary isolates from different clades, mostly clades C and F.
High-affinity binding of Fab m14 to gp120 and gp140 that is reduced by sCD4. To further characterize m14 and begin to elucidate the mechanisms of its cross-reactivity and HIV-1 neutralization, we measured its binding to gp120 and gp140 under various conditions. M14 bound to gp140 from 89.6 and to gp120 from JR-FL and IIIB with high (nanomolar and subnanomolar) affinity as measured by an ELISA (Fig. 1) . Binding of m14 to gp120 was inhibited at all sCD4 concentrations tested (Fig. 2) ; binding of IgG1 b12 and Fab m18 was also inhibited, while binding of Fab m16, X5, and IgG1 17b was increased, as expected (Fig. 2) . The observation that m14 competes with CD4 but was selected by using gp120-CD4 com- 
b The Fab concentration that resulted in 90% neutralization was two-to eightfold (usually fourfold) higher than that which produces 50% neutralization. Neutralization assays for each envelope clone against the antibody were carried out two or three times, and the averages are shown.
c Patient whose sera demonstrated broad cross-neutralizing activity. c All Du isolates and TV1 are from southern Africa, and the rest from Malawi. All isolates are R5 except Du179, which is R5X4.
d Note that the IgG1 b12 inhibitory activity was determined in a PBMC-based assay previously and the numbers represent ID 80 (9) .
e ND, not determined.
plexes could be explained by a very high affinity to gp120 of the phage-associated m14 that, under the panning conditions used, was able to displace sCD4. These results suggest that m14 strongly binds to gp120 and gp140 and behaves as a CD4bs antibody, although the possibility for sCD4-induced, conformational changes leading to decreased binding of m14 to an epitope that does not overlap the CD4 binding site cannot be excluded based on these data. The kinetics of interaction of Fab m14 and Fab b12 with different Env proteins was measured by using an optical biosensor system (Biacore) based on surface plasmon resonance. We found that for three different Env ectodomains (tethered gp140 89.6 [16] [clade B], gp140 R2 [clade B], and gp140 GX-C44 [clade C]), there were no major differences between m14 and b12 in the kinetics of their interactions with Env proteins from three different isolates (Fig. 3, Table 5 ).
Binding of Fab m14 to gp140s from diverse primary isolates. Fab m14 also bound to several gp140s from primary isolates that were not used in the panning and screening procedures, suggesting that its epitope is exposed in gp120s of isolates from different clades, although the affinity of binding varied widely ( Table 6) .
Characterization of the m14 epitope. To approximately localize the m14 epitope, we evaluated the competitive binding activity of Fab m14 and Fab b12 in the presence of sCD4 and other anti-gp120 antibodies. M14 competed significantly with sCD4 and b12 and two other CD4bs antibodies (F105 and m18) but only weakly with 17b and other CD4i antibodies (X5, 48d, and 48e); it did not compete with 2G12 and A32 (data not shown). Therefore, its epitope does not overlap significantly with the epitopes of 2G12, A32. The competition profile was similar to that of b12, further suggesting that m14 is a CD4bs antibody.
To further characterize the m14 epitope, we measured its binding to alanine-scanning mutants of gp120 JR-CSF . The mutated residues are in major regions of gp120 and are presumably solvent exposed. Most of the mutations that significantly (more than fivefold) decreased the affinity of m14 binding to gp120 were in the conserved C3 and C5 regions, including P363, D368, P369, E370, Y384, N36b, G472, D474, M475, R476, and W479 (Table 7) . Mutations in C2 (T257), C4 (K421), and V5 (P470), as well as deletion of both the V1 and V2 loops but not deletion of V1 alone, also significantly decreased m14 binding to gp120. Some of those mutations also significantly decreased the binding b12 to gp120, (e.g., D368, E370, Y384, N386, K421, P470, G472, R476, and W479) and decreased the binding of CD4 to gp120, (e.g., T257, D368, E370, P470, G472, D474, and W479) (44) . Interestingly, several mutations, mostly in C4 (R419, I420, and E429) but also in C2 (V200 and A204) and C3 (W338), as well as deletion of the V3 loop, resulted in a more than twofold increase in the affinity of m14 binding to gp120. It is interesting that V3 loop deletion enhanced m14 binding to gp120 fourfold, in contrast to the finding that V3 loop deletion decreased b12 binding to gp120 by threefold (44) . These results demonstrated that the m14 epitope significantly overlaps with the CD4 binding site and the b12 epitope, although a note of caution is that mutations could indirectly affect binding. In addition, they suggest that engineering of the m14 epitope could lead to higher binding affinity, with possible implications for the design of vaccine immunogens.
Sequence analysis of m14 and its footprint defined by alanine-scanning mutagenesis. In an initial attempt to correlate the neutralization and binding activity of m14 with the primary structure of its paratope and epitope, we analyzed its sequence and the sequences of a variety of gp120s. Phagemid DNA of   FIG. 1 . Binding of m14 to gp140/120 and sCD4-gp140/120. Env proteins were captured by the polyclonal sheep anti-gp120 antibody D7324, which was coated (at 1 g/ml) on microplates. After addition of gp140 89.6 , gp120 IIIB , or gp120 JR-FL at 1 g/ml, threefold serially diluted m14 was added to the wells in the presence or absence of sCD4 (2 g/ml). Bound m14 was detected by anti-human IgG F(ab') 2 -HRP and measured via its optical density at 405 nm (OD). The background was estimated from the amount of Fabs bound to bovine serum albumin and was subtracted. The data were fitted to the Langmuir adsorption isotherm: Genomic analysis identified the m14 heavy-chain precursor as VH4-30-4; 13 of its 115 amino acids mutated during affinity maturation (Fig. 4A) . The kappa light-chain precursor is VL3-20; 6 of its 91 residues mutated during maturation (Fig. 4B) . The CDR H3 of m14 has 17 amino acids and contains three Arg residues, two hydrophobic residues (Trp and Phe), and one Tyr that could be part of its paratope. Experiments are in progress to determine the role of these and other residues in m14 binding. We also analyzed the extent of conservation of amino acid residues in 380 isolates that could contribute to the energy of binding to gp120 as identified by alanine-scanning mutagenesis. Most of the residues that lead to a more than fivefold decrease in binding affinity are highly (Ͼ90%) conserved, indicating a possible explanation for the broad cross-reactivity of m14 (Table 7) . There are few residues for which the extent of conservation is lower. Note, however, that the extent of conservation was calculated as a percentage of the residues that are not mutated, and that mutations not only to alanine but also to any other residue were counted; obviously, many of the mutated residues could still directly or indirectly mediate binding. Because the gp120 conformation depends in a complex way on sequence, the conservation of most of the residues is a The experiments were performed as described in Materials and Methods and in the legend to Fig. 3 but with different Env proteins on the chip. The association (k a ) and dissociation (k d ), rate constants were calculated by fitting both association and dissociation phases with a 1:1 Langmuir global model, and the equilibrium dissociation constant (K d ) was determined from their ratio. a gp140s were captured by the polyclonal sheep anti-gp120 antibody D7324 (5 g/ml) coated on 96-well plates and washed, and Fab m14 was added at the indicated concentrations. HIV immunoglobulin was used for calibration to ensure that equal amount of gp140s from different primary isolates were captured. Bound antibodies were detected by anti-human IgG F(abЈ) 2 -HRP and measured via their optical densities at 405 nm. The data were fitted as described in Fig. 1 only indicative of, but not conclusive for, the basis of the m14 cross-reactivity.
DISCUSSION
Identification of novel broadly cross-reactive HIV-1-neutralizing hMAbs has major implications for the development of vaccines, inhibitors, and tools to study mechanisms. The existence of broadly cross-reactive hMAbs (IgG1 b12 [14] , 2G12 [8, 66] , 2F5 [51] , 447-52D [17, 26] , 4E10 [61] , Z13 [75] , Fab X5 [41] , and m9 [71] ) that potently neutralize HIV-1 in vitro and can prevent infection in vivo suggests their potential as antiretroviral drugs, prophylactics, and microbicides (11, 24, 25, 54, 55, 60, 67) . The first clinical study performed with an hMAb (F105) did not show beneficial effects for HIV-1-infected patients following infusion of a single dose of 500 mg/m 2 (15). However, this antibody has only modest neutralizing activity in vitro. The use of a single 10-mg/kg dose of a more potent inhibitor, a fusion protein of IgG2 and sCD4 (PRO 542), reduced the viral concentration in HIV-1-infected adults (29) . Treatment with a higher single dose (25 mg/kg) of PRO 542 resulted in a statistically significant mean reduction of about 0.5 log unit in HIV-1 RNA concentrations in plasma; a significant correlation was observed between antiviral effects observed in vivo and potency in vitro (28) . Recent clinical trials evaluated the potential of a combination of two hMAbs, 2G12 and 2F5, for the treatment of chronic HIV-1 infections in humans (1, 59) . However, although these antibodies can clearly decrease the plasma HIV-1 concentration in infected humans, it appears that their potency is not sufficient to significantly reduce the HIV-1 load, and the long-term virological response is poor (59) . Thus, the identification of new neutralizing hMAbs and new combinations including these antibodies could be critical for their efficacy. Anti-HIV-1 MAbs have also proven to be very powerful tools not only for the establishment of the conditions for protection in vivo (2, 18, 23, 37, 38, 48, 54, 67) but also as probes of the structure and function of Env proteins (5, 21, 40, 69) and for investigation of their antigenicity (10, 13, 68) .
The major finding of our study is the identification of a new hMAb Fab, m14, which neutralizes a range of primary HIV-1 isolates from different clades. Importantly, the m14 neutralization profile is different from that of IgG1 b12 and possibly from those of other HIV-1-neutralizing antibodies. The ability of m14 to potently neutralize representative isolates from clades A, B, C, and F suggests that it can be used in combination with other hMAbs that have poor neutralizating activity or lack activity against such isolates. To further improve the potency of Fab m14, we constructed a whole-antibody molecule, IgG1 m14, which exhibited significantly higher neutralizing activity. Because m14 competes with CD4 for binding to gp120, it is likely that its mechanism of neutralization involves interactions with Env proteins before binding to CD4. Thus, restriction access effects due to size, as observed for IgG1 X5 (33) , are unlikely to play a role. These results suggest that m14 can neutralize a broad range of HIV-1 primary isolates and that the IgG1 format would ensure a long half-life in vivo and biological effector functions.
Recently, a broadly HIV-neutralizing hMAb (IgG1 b12) was shown to protect macaques from vaginal challenge with SHIV-SF162P4 (67), supporting the concept that antibodies can be used for protection against sexually transmitted virus. Further studies are needed to determine whether m14 has protective activity in vivo. Its potency could be improved by constructing fusion proteins with other molecules, e.g., hMAbs and toxins, and using them in combination with other drugs and hMAbs. Only experiments with animal models and clinical trials of the effects of the drugs in humans will show whether this new antibody has potential as HIV-1 therapeutic and prophylactics.
The molecular mechanism of the high-affinity binding of Fab m14 to gp120 is currently under investigation. It is possible that by analogy to b12, the long CDR H3 plays a critical role (57) . This loop also contains aromatic residues that could mimic Phe 43 of CD4.
Fab m14 binds to Env proteins from a number of primary isolates. Alanine-scanning mutagenesis suggested that most of the residues involved in binding to gp120 are conserved. Therefore, it is reasonable to assume that its epitope is conserved. Conserved epitopes could serve as targets for smallmolecule inhibitors and immunogens for elicitation of protective immunity against viruses that show a high degree of genetic polymorphism. Until now, experiments to develop immunogens that are able to elicit any of the known broadly HIV-1-neutralizing hMAbs have not been successful (11) . The identification of m14 may provide new opportunities to develop antigens that could elicit such broadly neutralizing antibodies in vivo. In this respect, it is the existence of gp120 mutations and deletions that result in a significant increase of m14 binding to gp120 is especially remarkable ( Table 7) . The W338A mutation increased m14 binding 10-fold; deletion of the V3 loop increased m14 binding 4-fold (Table 7) . One can speculate that deletion of the V3 loop uncovers portions of the m14 epitope, resulting in an enhancement of binding. In this regard, it is interesting that Env proteins with a deleted V3 loop (and other variable loops) can elicit relatively broad neutralizing-antibody responses (30, 35) , although in other cases such responses were not observed despite the exposure of new epitopes (31, 36) . The identification of a new cross-reactive hMAb and the characterization of its epitope might help in the design of vaccine immunogens, perhaps in combination with other immunogens to elicit potent broadly reactive neutralizing hMAbs.
Of the large number of MAbs and Fabs that have been generated against HIV-1 Env proteins, until recently only three MAbs were identified that exhibited broad and potent HIV-1-neutralizing activity (19) : two against gp120 (IgG1 b12 [14, 53] and 2G12 [56, 58, 66] ) and one against gp41 (2F5 [42] ). Four other antibodies, two against gp120 (Fab X5 [41] and IgG 447-52D [26] ) and two against gp41 (4E10 [61, 75] and Fab Z13 [75] ) are also known to potently neutralize a variety of HIV-1 primary isolates from different clades. The identification of a new broadly cross-reactive HIV-1-neutralizing MAb Fab suggests that such antibodies could play an even more important role in vivo than anticipated. A note of caution is that we have no evidence yet that IgG m14 does exist in patients or plays any role in virus neutralization in vivo.
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